INTRODUCTION
Gnotobiotic animals lack microbes (e.g., bacteria, fungi, parasites, or viruses), with the exception of endogenous retroviruses. As such, they must be raised in a sterile environment, free of contaminating microbes and have germ-free food and water. Gnotobiotic mammals are produced by breeding gnotobiotic animals in germ-free conditions or aseptic Caesarian-section removal from the dam and reared in germ-free isolators, negating the need to chemically sterilize the offspring.
Their use was identified as a vital tool to investigate host-pathogen interactions (Gordon and Pesti, 1971) . In comparison to mammals, the generation of gnotobiotic poultry is challenging because of the deposition of microbes from the lower intestinal tract on the egg's surface at or after oviposition. Poultry eggs have several structural barriers to prevent bacterial translocation, which include deposition of an external layer of cuticle prior to oviposition, the eggshell, and inner membranes (Mine, et al., 2003) . Cuticle (Bain, et al., 2013) and shell matrix proteins (Mine, Oberle and Kassaify, 2003) may be directly antimicrobial to invading bacteria. Cuticle may be a vital innate defense mechanism to protect the developing embryo, which lacks immunocompetence and is unable to mount an effective immune response against invading bacteria.
The eggshell of poultry is a pre-and post-hatch source of microorganisms to the developing intestinal microbiota (Grizard, et al., 2014) -the former because bacteria applied to the egg surface can penetrate (Cook, et al., 2003) and colonize the intestinal tract of the embryo (Pedrosa, 2009) , and the latter because poultry emerge (pip) from the egg at hatching by using their beak to break the shell. Generation of gnotobiotic poults requires that these potentially contaminating microbes (e.g., bacteria, viruses, and fungi) must be sterilized before hatching by the use of chemical antiseptics and disinfectants. These chemicals must not impair embryonic development. An antiseptic is a substance possessing antimicrobial activity that is safe to apply to living tissue or skin, whereas a disinfectant is similar in activity, but is not safe to be applied to living tissue or skin (McDonnell and Russell, 1999) . The microbes deposited on the egg surface may differ greatly from hen to hen, and laying environment also may impact egg surface microbiota. As a result, the use of multiple broad-spectrum antiseptic and/or disinfectant treatments may be necessary to effectively eliminate surface eggshell bacteria.
Gnotobiotic poultry have been previously generated and used to study the pathogenesis of multiple infectious diseases (Forbes, et al., 1958; Franker and Doll, 1964; Solomon, 1966; Moorhead and Saif, 1970; Saif, et al., 1970; Springer, et al., 1970; Adams and Hofstad, 1972; Paul, et al., 1972; Dominick and Jensen, 1984) . The use of some of these disinfectants (formalin, mercury chloride, sodium hypochlorite, and others) may have affected hatchability (Le Bars, 1976) of chicks, and pose a hazard to the environment and humans handling them. The goal of this project was to evaluate contemporary disinfectants and antiseptics to safely eliminate eggshell bacteria from turkey eggs and hatch viable gnotobiotic poults.
MATERIALS AND METHODS

Eggs and Antiseptic or Disinfectant Treatments
Animal experiments were approved by the National Animal Disease Center's (NADC) Institutional Animal Care and Use Committee. Eggs were collected daily from an on-site flock of small Beltsville white turkey laying hens at the NADC (Ames, IA), and stored at 13.3
• C for up to 10 d before use in the study. Eggs with visible cracks or shell defects were eliminated from the study. Fertility of the eggs from this flock was 90%, with approximately 75% of the eggs hatching a poult. Experiments were designed with an excess of 25% eggs to account for losses. Prior to immersion in different heated disinfectant or antiseptic solutions (32.8
• C) to eliminate bacteria from eggshell, eggs were equilibrated at room temperature (22
• C) for 30 minutes. Disinfectants and antiseptics tested, and their concentrations are listed in Table 1 . Working concentrations of these products were freshly prepared from stock reagents (e.g., sodium hypochlorite [Clorox], 5% white vinegar (Gibco, Grand Island, NY) were prepared by the manufacturer and used at their supplied concentration. Parts per million (ppm) of free available chlorine (FAC) for alkaline or acidified bleach solutions were measured, as previously described (Wood, et al., 2011) . Treatments were added to clean one L polypropylene bottles and heated in a 32.8
• C water bath. Up to 10 eggs per treatment were fully immersed in the warmed solutions (32.8
• C) for up to 15 minutes. If eggs were treated with more than one disinfectant or antiseptic, they were placed on a clean towel at room temperature (22 • C) for 5 min to dry prior to the next immersion.
Cuticle Blue Stain
The effect of disinfectants and antiseptics on eggshell cuticle coverage was assessed by staining eggs with cuticle blue. As directed by the manufacturer, eggs were fully immersed in a solution of cuticle blue stain (1% [w/v] 
Aerobic and Anaerobic Bacterial Culturing from Eggshells and Whole Eggs
After treatment(s), those eggs to be cultured were placed into a sterile egg holder, air cell facing up, and transported to a Class II Type A2 biosafety cabinet (BSC). For each egg, sterile forceps were used to punch a hole into the air cell and sterile scissors were used to excise a circumferential piece (approximately 2 cm in diameter) of the treated eggshell. The excised shell was cut in half and each piece was cultured in 15 mL sterile conical tubes containing 5 mL of a) sterile brain heart infusion (BHI) broth (Becton Dickinson Company, Sparks, MD) for aerobic growth or b) sterile BHI broth supplemented with 0.5 g/L of L-cysteine (Sigma Chemical Co., St. Louis, MO) and 5 mg/L resazurin (Sigma) for anaerobic growth. Eggshell samples cultured for aerobic growth were cultured at 37
• C in room air without shaking for 3 d, and samples cultured anaerobic growth were cultured for 3 d at 42
• C without shaking in an anaerobic chamber (Coy Lab Products, Grass Lake, MI) supplied with an anaerobic gas mixture containing N 2 (85 %), CO 2 (5 %), and H 2 (10 %). A loop of broth from each aerobic culture was struck for isolation onto separate BHI agar plates (Becton Dickinson Company), and a loop of broth from each anaerobic culture was plated or BHI agar plates supplemented with L-cysteine and reasazurin. Plates were cultured in aerobic or anaerobic environments at 37
• C and 42
• C, respectively, and were visually examined for up to 3 d after culture for presence of bacterial colonies. In some instances, an entire treated egg was cultured in aerobic and anaerobic broth cultures. Four eggs were immersed with disinfectants and/or antiseptics, as described above. Sterile surgeon's gloves were worn to aseptically transfer the 4 treated eggs into a single autoclaved one L bottle containing 200 mL of BHI broth for aerobic or anaerobic culture, as described above. They were observed daily for turbidity for 3 d, as described above. After 3 d, 100 μL of the each broth culture was spread onto BHI agar plates, in triplicate, for aerobic or anaerobic culture, as described above. Culturing treated eggshell pieces and treated whole eggs was repeated. Eggshell pieces or whole eggs were considered positive for bacterial growth if a single bacterial colony was detected. A treatment was considered capable of eliminating bacteria from the eggshell surface if no bacterial colonies were detected from all biological replicates.
Embryotoxicity
Assessment of embryotoxicity was determined after up to 10 eggs per treatment were incubated for 5 to 15 min and held at room temperature (22
• C) for 5 min on a clean towel. Embryotoxicity was repeated twice for all of the 10 min single treatments and the multiple treatments. Treated eggs were placed, air cell up, in a rotating Octagon 20 advanced egg incubator with a water pump (Brisnea, Titusville, FL) set at 37.6
• C with 55% humidity. Following the manufacturer's recommendation, incubator temperature was programmed to drop once a d to 31.1
• C for one h before returning to 37.6
• C. Eggs were candled for viability at d 10, 17, and 24 of embryonation. Non-viable eggs were opened and visually examined for fertilization or embryotoxicity. At d 27 of embryonation, remaining embryos were removed from their eggs, euthanized by decapitation, and visually evaluated for signs of embryotoxicity (e.g., size, color, and developmental appearance of embryo relative to embryos from PBS-treated eggs).
Hatching and Validation of Gnotobiotic Poults
Twenty eggs were collected over a 2-day period and were stored, as described above. Eggs were split into 2 groups of 10, and were either fully immersed sequentially in heated acidified bleach, CLD, and betadine solutions (each 32.8
• C) for 10, 10, and 5 min, or 3 times in heated sterile PBS (32.8
• C) for 10, 10, and 5 min, respectively. The first 2 immersions were followed by a 5 min incubation at 22
• C, as described above. After a 5 min incubation in betadine solution, eggs were aseptically transferred using sterile surgeon's gloves to a sterilized transport chamber. Two d prior to sterilizing eggs, a vinyl coated gnotobiotic isolation chamber with glove box and HEPA filtered air supply was loaded with an egg incubator including water reservoir and pump to provide supplemental humidity, flashlight, and 5 L of autoclaved dH 2 O. The chamber was sterilized with chlorine dioxide gas for 2 h, and residual chlorine dioxide was scavenged. Afterward, the temperature of the gnotobiotic chamber was set at 25
• C, and the egg incubator was set to 37.6
• C and 55% humidity for 24 h prior to introducing the transport chamber. In a loading port, the sealed transporter containing treated eggs was surface decontaminated using chlorine dioxide gas for 10 min before its introduction to the gnotobiotic chamber. Eggs were loaded into the incubator inside the gnotobiotic chamber within 15 min of their last treatment. Eggs treated with PBS were incubated in a germ-replete ABSL-2 facility, and no precautions were taken to diminish microbial contamination in the incubator or water used to humidify the eggs. Eggs in both treatment groups were candled for viability. Both sets of eggs were incubated for 25 d at 37.6
• C and 55% humidity, and the relative humidity was increased to 80% from d 26 onward. In preparation of hatching, oscillation of the incubator was stopped. Poults hatched in the gnotobiotic chamber or under germ-replete conditions were removed and euthanized via CO 2 gas asphyxiation, followed by decapitation. If a poult struggled to fully hatch, shells were broken to help extract the poult. To minimize bacterial contamination after euthanasia, carcasses were immersed in a solution of 70% ethanol (v/v) . Necropsies were performed in a clean BSC, and ceca and distal ileum were aseptically harvested from each animal. Cecal tissue was directly cultured for aerobic or anaerobic bacteria, as described for egg culturing. The remaining tissue was stored at −20
• C before isolation of DNA, which was used for 16S rRNA gene qPCR, as a marker of bacterial intestinal colonization (Packey, et al., 2013) . Bacterial DNA was isolated from intestinal tissue using the PowerFecal DNA isolation kit (MoBio, Carlsbad, CA), following the manufacturer's protocol. Purified DNA was eluted in 50 μL of nuclease-free water. Amplification and detection of 16S rRNA gene by real-time qPCR were performed with the BioRad CXF-96 detection system (BioRad, Hercules, CA). Each reaction was performed in triplicate with a final volume of 20 μL, composed of 10 μL SSO Advanced universal SYBR-Green qPCR master mix (BioRad), 7 μL of nuclease free water, one μL of F and R primer (10 μM) and one μL of DNA template. The following universal primers were used to amplify 16S rRNA gene (nt 341-529): Forward primer, 341F (5 CCTACGGGRS-GCAGCAG 3 ) and reverse primer, 529R (5 ACCGCG-GCKGCTGGC 3 ) (Baker, et al., 2003; Carroll, et al., 2011) . Conditions for qPCR were the following: 95
• C for 5 min, followed by 40 cycles of 95
• C for 15 s and 55
• C for 30 s, as described previously (Looft, et al., 2014) . Melting curve analysis of amplified PCR product was conducted from 55 to 95
• C, to confirm the fluorescence produced from each PCR reaction was not from primer-dimers. All qPCR plates included a no template negative control (NTC). The cycle quantitation (Cq) values were determined using BioRad CFX manager software (v3.1). Reactions with a Cq value of > the mean NTC Cq value were considered negative for bacterial contamination.
STATISTICAL ANALYSIS
All analysis was performed using GraphPad Prism v7.01 (GraphPad Software, LaJolla, CA). The Fisher Exact test was used for pair-wise comparison on viable and toxic embryos produced from a chemical treatment and PBS treated eggs (Taillard, et al., 2008) . Cq values from 16S rRNA gene qPCR reactions of treated, PBStreated eggs, and no template control samples were analyzed using one-way analysis of variance. A Student's t test was used to compare differences in free available chlorine concentration. Significance for all statistical tests was set at P < 0.05.
RESULTS AND DISCUSSION
In a preliminary study, eggs from small Beltsville white turkeys were incubated and hatched in a gnotobiotic chamber, without eliminating bacteria from the egg's surface. In the current study, the water, feed, and environment were sterilized. Hatched poults were raised for up to 3 wk and 16S rRNA gene (V1-V3) microbiota analysis was performed from cecal contents. The Firmicutes phylum was identified from DNA extracted from cecal contents (data not shown), of which many are known to be Gram positive spore-formers (Galperin, 2013) . Previously, bacterial and fungal communities present on pigeon egg surfaces were described, which included numerous spore-forming bacteria (Grizard, DiniAndreote, Tieleman and Salles, 2014) . Although the results of the current experiment cannot determine whether the microbes colonizing the ceca of these poults were obtained from the eggshell, future experiments are planned to test this hypothesis.
Evaluation of a Single Antiseptic or Disinfectant Treatment on Embryotoxicity and Elimination of Bacteria from Turkey Eggshells
Based on the pigeon-egg associated community composition of bacteria and fungi (Grizard, Dini-Andreote, Tieleman and Salles, 2014) , disinfectants and antiseptics were selected to eliminate bacteria present on the egg surface (Table 1) . Halogen (e.g., sodium hypochlorite and chlorine dioxide) and oxidant (e.g., Virkon S and Oxysept-333) disinfectants were selected because of their broad spectrum of activity against bacteria (Block, 2001) , though Virkon S is reported to lack efficacy against some bacterial spores (Coates, 1996; Hernndez, et al., 2000) . Some disinfectants have broad spectrum microbicidal activity (e.g., formalin, phenol, mercury chloride, and others) (Block, 2001 ), but may have the side effect of embryotoxicity and affect hatchability. Antiseptics (e.g., chlorhexidine diacetate and betadine) were included because they may pose less toxicity to the developing embryo (Block, 2001) , and because of iodine's documented use to surface decontaminate chicken egg for propagation of viruses (Guy, 2015) . As an initial test, 10 min was selected based on label claims of some of the disinfectants, and previous work to hatch gnotobiotic chicks (Le Bars, 1976) . Acidified sodium hypochlorite, chlorine dioxide (CLS and CLD), Virkon S, and Oxysept-333 fully eliminated bacteria from pieces of eggshells cultured aerobically or anaerobically (Table 2) . A shorter incubation period of 5 min using sodium hypochlorite (pH 11.1) or Virkon S failed to effectively eliminate bacteria from turkey eggshells (data not shown). Treatment with sodium hypochlorite (pH 11.1) failed to consistently prevent anaerobic bacterial growth from eggshells (Table 2 ). This may be due to when the pH of sodium hypochlorite is ≥8.5, 90% of the available chlorine present as the chlorite ion (OCL − ) (Coates, 1985) . The chlorite ion is less microbicidal than hypochlorite (HOCL). Acidifying bleach to a pH of 5 causes up to 99% of available chlorine to form HOCL, and enhances its sporicidal effect (Wood, Calfee, Clayton, Griffin-Gatchalian and Touati, 2011). Freshly prepared acidified bleach solution had significantly (P < 0.01) more parts per million (ppm) of free available chlorine (FAC) (8933 ppm ± 526) as compared to alkaline bleach (7435 ppm ± 347). Although hypochlorite was not measured in these studies, previous work has demonstrated that acidifying bleach and increases in FAC are likely the result of an increase in the concentration of hypochlorite (Wood, Calfee, Clayton, Griffin-Gatchalian and Touati, 2011) . All antiseptics tested failed to eliminate aerobic or anaerobic bacteria from the eggshell (Table 2) , which is consistent with data in which betadine treatment of chicken eggs reduced, but did not eliminate microbial growth (Zeweil, et al., 2015) . Cuticle is an important innate defense against bacterial translocation to poultry eggs (Bain, McDade, Burchmore, Law, Wilson, Schmutz, Preisinger and Dunn, 2013) . Although the composition of eggshell cuticle is protein-based organic (Rose-Martel, et al., 2012) , it may neutralize some disinfectants (Block, 2001 ) and negate their microbicidal activity. Vegetative and spore forming bacteria are likely present in the eggshell cuticle of turkeys, which are deposited at or after oviposition (Grizard, Dini-Andreote, Tieleman and Salles, 2014) . We hypothesized that removal of cuticle may be beneficial for hatching germ-free poults because it would remove a significant burden of microbes. To test this, eggs were subjected to immersion in antiseptic or disinfectant solutions and then stained with cuticle blue, which binds the glycoprotein rich layer of the cuticle. Sodium hypochlorite (pH 11.1) fully removed the cuticle of all tested eggs, whereas immersion of eggs in acidified bleach, chlorine dioxide (CLS and CLD), Virkon S, and Oxtsept-333 partially removed the cuticle (Table 2). The alkaline nature of sodium hypochlorite (pH 11.1) was likely responsible for full removal of cuticle because eggs treated in acidified sodium hypochlorite (pH 5.4) retained some of the cuticle. Data from the present study indicate that the presence of cuticle did not affect the ability of some disinfectants to eliminate viable bacteria from the surface of turkey eggs. Contact time between a surface and disinfectant or antiseptic is key for microbicidal activity (Block, 2001) . Regardless of treatment, embryotoxicity was noted in all eggs incubated for 15 min, including the control PBS (Table 3) , and may be due to oxygen deprivation. For all treatments tested, 5 min of incubation did not significantly affect embryotoxicity. At 10 min of incubation, sodium hypochlorite, acidified sodium hypochlorite, and CLD produced no significant embryotoxicity when compared to PBS treated eggs (Table 3) . These data are in contrast to a previous study in which immersion of chicken eggs in a solution of chlorine dioxide (110 ppm) for more than 5 min reduced hatchability (Patterson, et al., 1990) . Based on morphological observations and viability of the d 27 embryos, treatment of eggs with CLD for 10 min is unlikely to affect hatching of healthy poults. In contrast to CLD, oxidants Virkon S, Oxysept-333, and CLS produced significant (P < 0.05) embryotoxicity after 10 to 15 min of treatment (Table 3) . These embryos were a deep red color and notably smaller than those eggs immersed in PBS. Based on these data, 10 min was selected as a safe incubation period to test whether combinations of these chemicals could eliminate viable bacteria from the surface of turkey eggs. 
Evaluation of Multiple Antiseptic or Disinfectant Treatments on Embryotoxicity and Elimination of Bacteria from Turkey Eggshells
Considering that the composition of bacteria on the egg surface is dynamic and cannot be predicted, the use of multiple treatments to eliminate eggshell bacteria may be necessary. Thus, strategies to eliminate eggshell-associated bacteria must be rigorous and employ multiple broad spectrum microbicidal compounds that are not toxic to the developing embryo. Next, we evaluated whether treatment of turkey eggs with a sequential combination of disinfectants or antiseptics affected embryotoxicity and eliminated eggshell bacteria from whole eggs. Significant embryotoxicity (P < 0.001) was detected when turkey eggs were sequentially treated with CLD and oxidants (e.g., Virkon S or Oxysept-333) (Table 4 ). These toxic embryos were nonviable, smaller, and red colored, in comparison to embryos harvested from eggs immersed in PBS. Although halogens and oxidants have a broad microbicidal spectrum, the combination of CLD and oxidants produced too much embryotoxicity to be considered for further testing. The use of 2 halogens, (e.g., CLD and sodium hypochlorite [pH 11.1 or 5.4]) produced viable embryos that were visually indistinguishable from embryos derived from eggs treated in PBS (Table 4) . Changing the order of CLD and sodium hypochlorite treatment had no effect on embryotoxicity. Although the cuticle is considered as a first line of defense against bacterial penetration into the egg (Bain, McDade, Burchmore, Law, Wilson, Schmutz, Preisinger and Dunn, 2013) , its full removal by sodium hypochlorite (pH 11.1) ( Table 2) did not affect embryological development of the poult. Betadine is a perioperative antiseptic routinely used in human and veterinary medicine that has residual microbicidal activity, and is broad-spectrum against vegetative and spore-forming bacteria (Wade and Casewell, 1991; Hibbard, 2005) . Betadine treatment may safely augment other treatments to eliminate eggshell bacteria from turkey eggs. Eggs treated with betadine, after treatment with halogens, produced no detectable embryotoxicity (Table 4) , demonstrating its safe use.
Next, we evaluated the use of multiple disinfectant or antiseptic solutions to eliminate eggshell bacteria from whole turkey eggs. The combination of acidified sodium hypochlorite and CLD or acidified sodium hypochlorite, CLD, and betadine yielded no viable bacteria (aerobic or anaerobic), as compared to PBS treated eggs, whereas the inclusion of sodium hypochlorite (pH 11.1) was unable to fully eliminate eggshell bacteria from whole eggs (Table 5 ). Based on the microbiological and embryotoxicity findings, we hypothesized that sequential treatment of turkey eggs in solutions of acidified sodium hypochlorite, CLD, and betadine would produce hatched gnotobiotic poults.
Hatching of Gnotobiotic Poults
In the gnotobiotic chamber, 8 of 10 acidified sodium hypochlorite, CLD, and betadine treated eggs hatched between 28 and 29 d of incubation. However, 4 of the 8 poults did not completely hatch, but were still viable within their shells. Rather than risk these 4 embryos dying while struggling to hatch, they were manually extracted. Once extracted, all 8 were able to ambulate and appeared normal in health. All 8 of these poults had pipped, suggesting that they had the opportunity to ingest shell materials. In the germ-replete incubator, 7 of 10 poults hatched after 28 to 29 days of incubation, none requiring assistance to be free of the shell. No bacterial colonies were detected after aerobic or anaerobic culture of lower intestinal contents of all poults hatched from acidified sodium hypochlorite, CLD, and betadine treated eggs (Table 6 ). In contrast, all poults hatched in germ-replete conditions had recoverable bacteria after aerobic and anaerobic culture. Culture as a predictor of bacterial colonization has its limitations, and many of the bacteria in the intestinal microbiota are not easily cultured with standard media (Manichanh, et al., 2012) . Some of the bacteria in the intestinal tract of newly hatched poults may not grow in BHI broth, and provide a false negative result. This possibility was tested by performing qPCR for 16S rRNA using universal primers. Although qPCR for 16S rRNA is very specific, it is less sensitive than culture to determine bacterial contamination in gnotobiotic animals (Fontaine, et al., 2015) . Some 16S rRNA gene amplicon was produced in the NTC reactions (Cq 37.12 ± 0.19), but there was no significant difference when compared to cecal Table 5 . Effect of multiple treatments on elimination of whole egg bacteria. samples from treated eggs (Cq 37.35 ± 0.07). Likewise, there was no significant difference in the melting curve analysis between these reactions. These data suggest that a small amount of contaminating 16S DNA was present in the master mix or other reagent used in the reactions. Detection of 16S rRNA qPCR gene was significantly different (P < 0.001) between PBS and treated eggs (Table 6 ). Together, the molecular results corroborate the culture data, indicating that gnotobiotic poults were produced after a sequential treatment of turkey eggs in acidified sodium hypochlorite, CLD, and betadine. Inability to fully hatch in the gnotobiotic chamber may have been caused by the high rate of air turnover through the HEPA filter system. As a result, the lessened humidity inside the gnotobiotic egg incubator may have made it more difficult for the poults to hatch. In spite of changing the environmental humidity to 80% inside the egg incubator at d 26 of embryonation, there was no visible condensation inside the gnotobiotic egg incubator. However, condensation was abundant after changing the humidity inside the germ-replete incubator. Future experiments will focus on improving the percent humidity inside the gnotobiotic chamber to evaluate ability to fully hatch out.
The exact composition of the microbes present on the egg's surface are not entirely predictable; therefore, disinfectants and antiseptics used for elimination of eggshell bacteria must be broad spectrum, yet safe for the developing embryo. Although the protocol to eliminate eggshell bacteria outlined here may seem excessive, it is likely to have resulted in sterilization, which is the most important step in hatching gnotobiotic poults. If a single vegetative bacterium or spore escapes and colonizes hatched poults, it would negate the gnotobiotic status of the animals. It is possible that fungi and viruses were also present on the surface of turkey eggs, which was noted on pigeon eggs (Grizard, Dini-Andreote, Tieleman and Salles, 2014) . Although the microbicidal effect on fungi and viruses was not directly tested in these studies, the broad microbicidal spectrum of acidified sodium hypochlorite, CLD, and betadine would likely kill fungal spores and naked or enveloped viruses present. No visible mycelia were detected from aerobic cultures, suggesting that fungal spores were killed. Some bacteria and viruses may be vertically transmitted through the yolk, and avoid being inactivated with proposed strategies to eliminate eggshell bacteria. While eliminating eggshell bacteria was not expected to kill any microorganisms that transmit vertically through the yolk, future experiments will be designed to test for vertically transmitted bacteria (e.g., Salmonella spp., Camplyobacter spp., Mycoplasma gallisepticum, and others) Saif, Moorhead and Bohl, 1970; Wigley, et al., 2001; Petersen, et al., 2006; Cox, et al., 2012) prior to generating gnotobiotic poults.
In conclusion, we evaluated the use of disinfectants and antiseptics for embryotoxicity and elimination of eggshell bacteria from turkey eggs for hatching of gnotobiotic poults. We demonstrated that some halogens and oxidants eliminated viable eggshell-associated bacteria, but oxidants produced too much embryotoxicity to be considered for further use. A combination of disinfectants and antiseptic treatments (e.g., acidified sodium hypochlorite, CLD, and betadine) fully eliminated eggshell bacteria from whole turkey eggs and resulted in the successful hatching of gnotobiotic poults that lacked cultivable bacteria or 16S rRNA gene amplicon from cecal contents. This is the first study to evaluate the toxicity of different treatments to eliminate eggshell bacteria to hatch gnotobiotic poults. Establishing a method to safely surface eliminate eggshell bacteria from turkey eggs may allow us to hatch higher numbers of gnotobiotic poults, which will be used to characterize the host response to the food safety pathogen Campylobacter spp.
